Abstract. It is well established that estrogen is a potent mitogen in cells expressing estrogen receptors (ER). However, a large body of evidence has demonstrated that the effects of mitogenic estrogen signaling exhibit a non-monotonic or biphasic, dose-response curve; estrogen at low concentrations, elicits a mitogenic signaling pathway to stimulate cell proliferation, while at high concentrations, estrogen inhibits cell growth. The molecular mechanism underlying this paradoxical effect of estrogen on cell proliferation remains largely unknown. Recently, we reported that ER-α36, a variant of ER-α, mediates mitogenic estrogen signaling in ER-negative breast cancer cells. Here, we investigated the molecular mechanisms underlying the biphasic estrogen signaling in MDA-MB-231 and MDA-MB-436 ER-negative breast cancer cells. We found that 17β-estradiol (E2β) at l nM induced the phosphorylation of Src-Y416, an event that activates Src, while at 5 µM failed to induce Src-Y416 phosphorylation but induced Src-Y527 phosphorylation an event that inactivates Src. E2β at 1 nM, but not at 5 µM, also induced phosphorylation of MAPK/ERK and activated Cyclin D1 promoter activity through the Src/EGFR/STAT5 pathway. Knockdown of ER-α36 abrogated the biphasic estrogen signaling in these cells. Our results thus indicate that in ER-negative breast cancer cells Src functions as a switch in ER-α36-mediated biphasic estrogen signaling through the EGFR/STAT5 pathway.
Introduction
It is well known that the diverse physiological functions of estrogens are mediated by specific receptors, ER-α and ER-β, which share a common structural architecture (1) ; the N-terminal A/B domains that encodes a ligand-independent activation function (AF-1), the C domain functions as the DNA-binding domain and the D/E/F or ligand-binding domain that encodes a liganddependent transactivation function (AF-2).
ERs are well-known ligand-activated transcription factors that stimulate target gene transcription, which mediates diverse activities of estrogen signaling (1) . However, despite the clarity with which ERs have been shown to act as transcription factors, it became apparent that not all of the physiological effects mediated by estrogens are accomplished through a direct effect on gene transcription. Another estrogen signaling pathway (also known as a non-classic, non-genomic or membrane-initiated estrogen signaling pathway) exists that involves cytoplasmic proteins, growth factors and other membrane-initiated signaling pathways (2, 3) .
Previously, we cloned ER-α36, a 36-kDa variant of ER-α. ER-α36 is mainly expressed on the cell surface and mediates membrane-initiated or non-genomic estrogen signaling (4, 5) . ER-α36 lacks both the AF-1 and AF-2 domains of the 66-kDa ER-α (ER-α66) and possesses an altered ligand-binding domain. ER-α36 lacks intrinsic transcriptional activity but inhibits transcriptional transactivation activities of both ER-α66 and ER-β (5). The transcription of ER-α36 is initiated from and regulated by a promoter located in the first intron of the ER-α66 gene (6) . Thus, ER-α36 expression is regulated differently from ER-α66, consistent with the previous findings that ER-α36 is expressed in specimens from ER-negative patients and established ER-negative breast cancer cells (7) (8) (9) . We recently found that ER-α36 mediates mitogenic estrogen signaling in ER-negative breast cancer MDA-MB-231 and MDA-MB-436 cells that express endogenous ER-α36, but lack ER-α66 expression (10) .
A large body of evidence demonstrated that the effects of mitogenic estrogen signaling exhibit a non-monotonic or biphasic dose-response curve (inverted U-shaped) (11) (12) (13) (14) ; estrogen at low concentrations, elicits mitogenic signaling to stimulate cell proliferation, while at high concentrations, estrogen inhibits cell growth and even induces cell apoptosis. However, the molecular basis for this paradoxical effect of estrogen on the cell proliferation remains largely unknown. A
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in the biphasic estrogen signaling of ER-negative breast cancer cells variety of possible mechanisms have been proposed to explain the inhibitory effects of high-dose estrogens such as effects on cell membrane (15, 16) , cell cycle arrest (17) and the interaction of estrogens with the mitotic spindle (18, 19) . In addition, the involvement of the non-genomic estrogen signaling in the biphasic estrogen response has also been proposed (20) ; the activation of a cascade of protein kinases may modulate the genomic activities of estrogens in opposite directions through phosphorylation of ERs or co-regulators, resulting in biphasic responses of estrogen signaling. High-dose estrogen therapy using pharmacological concentrations of estrogen (at µM range) were frequently used for treatment of advanced breast cancer in pre-and post-menopausal women from the 1950s until the introduction of the safer antiestrogen tamoxifen in the 1970s. Since the introduction of tamoxifen, which almost completely eliminated high-dose estrogen therapy, there was no enthusiasm to study the underlying mechanisms of high-dose estrogen therapy. However, recent laboratory findings indicated that growth of tamoxifen-resistant breast cancer cells is inhibited by 17β-estradiol (E2β) and physiological concentrations of E2β induce apoptosis in long-term estrogen deprived (LTED) breast cancer cells in vivo and in vitro (21) (22) (23) (24) (25) (26) . Thus, better understanding of underlying mechanisms of the paradoxical effects of estrogen will enhance the effects of estrogen therapy in the treatment of antiestrogen-resistant breast cancer.
Recently, we reported that ER-α36 mediates mitogenic estrogen signaling through the EGFR/Src signaling in ER-negative breast cancer MDA-MB-231 and MDA-MB-436 cells. In the current study, we investigated the molecular mechanisms underlying biphasic estrogen signaling in these ER-negative breast cancer cells and reveal the involvement of the Src/EGFR/STAT5 signaling pathway in the biphasic estrogen signaling.
Materials and methods
Chemicals and antibodies. 17β-estradiol (E2β) was purchased from Sigma Chemicals Co. (St. Louis, MO). The Src inhibitor dasatinib was obtained from LC Laboratories (Woburn, MA). The Src inhibitor PP2 and the PI3K inhibitor LY294002 were from Tocris Bioscience (Ellisville, MO). Anti-phospho-EGFR and -Src antibodies, anti-EGFR and -Src antibodies, anti-phospho-p44/42 ERK (Thr202/Tyr204) (197G2) mouse monoclonal antibody (mAb) and anti-p44/42 ERK (137F5) rabbit mAb were purchased from Cell Signaling Technology (Boston, MA). An antibody against Cyclin D1 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture, treatment and growth assay. MDA-MB-231 and MDA-MB-436 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). All parental and derivative cells were maintained at 37˚C in a 10% CO 2 atmosphere in DMEM and 10% fetal calf serum in a humidified incubator. For E2β treatment, cells were maintained in phenol red-free media with 2.5% dextran-charcoal-stripped fetal calf serum (HyClone, Logan, UT) for 2-3 days and then in serumfree medium for 24 h before experimentation. For ERK activation assays, cells were treated with vehicle (ethanol) and indicated concentrations of E2β. To test the effects of different inhibitors, all inhibitors were added 10 min before E2β addition.
To examine cell growth in the presence or absence of different concentrations of E2β, cells maintained for three days in phenol red-free DMEM plus 2.5% dextran-charcoal-stripped fetal calf serum were treated with different concentrations of E2β or ethanol vehicle as a control. The cells were seeded at 1x10 4 cells per dish in 60-mm dishes and the cell numbers were determined using the ADAM automatic cell counter (Digital Bio., Korea) after 12 days. Five dishes were used for each treatment and experiments were repeated >3 times.
Cell lines with ER-α36 expression knocked down by the shRNA method in MDA-MB-231 and MDA-MB-436 cells were generated as previously described (27) . . The 4XM67 pTATA-TK-luciferase reporter plasmid was purchased from Addgene (Cambridge, MA). Cells were all co-transfected with a cytomegalovirus-driven Renilla luciferase plasmid, pRL-CMV (Promega, Madison, WI) to establish transfection efficiency. Twenty-four hours after transfection, cells were treated with vehicle or E2β, together with or without the indicated inhibitors for 24 h. Forty-eight hours after transfection, cell extracts were prepared and luciferase activities were determined and normalized using the Dual-Luciferase Assay System (Promega) and a TD 20/20 Luminometer (Turner BioSystems, Inc., Sunnyvale, CA) as instructed by the manufacturer.
Plasmids
Western blot analysis. For immunoblot analysis, cells washed with PBS were lysed with lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.25 mM EDTA pH 8.0, 0.1% SDS, 1% Triton X-100, 50 mM NaF) supplemented with protease and phosphatase inhibitors (Sigma). The protein amounts were measured using the DC protein assay kit (Bio-Rad Laboratories, Hercules, CA). The same amounts of the cell lysates were boiled for 5 min in loading buffer and separated on an SDS-PAGE gel. After electrophoresis, the proteins were transferred to a PVDF membrane (Bio-Rad Laboratories). The membranes were probed with various primary antibodies, HRP-conjugated secondary antibodies and visualized with enhanced chemiluminescence (ECL) detection reagents (GE Healthcare, Piscataway, NJ).
Statistical analysis. Data are expressed as the mean ± standard error (SE) using the GraphPad InStat software program (GraphPad Software, La Jolla, CA, USA). The Tukey-Kramer Multiple Comparisons Test was used, and the significance was set at P<0.05.
Results

ER-negative breast cancer cells exhibit biphasic estrogen signaling.
Recently, we reported that ER-α36 mediates mitogenic estrogen signaling in ER-negative breast cancer cells, MDA-MB-231 and MDA-MB-436, both of which lack expression of ER-α66 but express high levels of endogenous ER-α36 (10) . To probe the underlying mechanisms of ER-α36-mediated-estrogen signaling, we first determined the growth rate of these two cell lines in response to different concentrations of E2β. As shown in Fig. 1A , the ER-negative breast cancer cells treated with low concentrations (<100 nM) E2β exhibited an increased growth rate compared with cells treated with vehicle. The dose-response curves of E2β exhibited a biphasic pattern; increasing concentrations initially stimulated cell growth but failed to do so at higher concentrations (Fig. 1A) . Our data thus indicate that E2β exhibited a non-monotonic or biphasic dose-response curve in these ER-negative breast cancer cells.
E2β induces biphasic activation of the MAPK/ERK and Cyclin D1 expression in ER-negative breast cancer cells.
We then examined estrogen-induced phosphorylation of the MAPK/ERK1/2, a typical non-genomic estrogen-signaling event, in these two cell lines. We treated cells with E2β at different concentrations (1 nM and 5 µM) for 30 min. Western blot analysis with a phospho-specific ERK1/2 antibody was performed to assess the phosphorylation levels of ERK1/2. As shown in Fig. 1B , we found that E2β was able to induce the activation of MAPK/ERK at 1 nM but not at 5 µM in both ER-negative breast cancer cell lines, consistent with the biphasic growth pattern of the dose-response curves of these cells to E2β. To determine whether 5 µM estrogen failed to activate the MAPK/ERK or inhibited the ERK activation, we examined the effects of 5 µM E2β on the ERK activation induced by EGF. We found that estrogen at 5 µM failed to inhibit the ERK activation induced by EGF (data not shown), indicating that E2β at high concentrations failed to induce ERK activation. Additionally, we found a biphasic induction pattern of Cyclin D1 expression in the cells treated with two different concentrations of E2β (Fig. 1C) .
Src/EGFR/STAT5 are involved in biphasic estrogen signaling.
Recently, we reported that in these ER-negative breast cancer cells, estrogen induced phosphorylation of Src-Y416 and also phosphorylation of EGFR-Y845, a site phosphorylated by Src (10) . We then examined the phosphoryl ation status of Src-Y416 and EGFR-Y845 in these cells treated with different concentrations of E2β. Fig. 2 shows that in MDA-MB-231 and MDA-MB-436 cells, 1 nM E2β elicited phosphorylation of Src-Y416 and EGFR-Y845 while failed to do so at 5 µM. Intriguingly, 5 µM of E2β strongly induced phosphorylation of Src-Y527, an event associated with inactivation of Src activity, which was not observed in the cells treated with 1 nM of E2β (Fig. 2) . These results suggest that E2β at low concentrations induces phosphorylation of Src-Y416 and activating Src whereas at high concentrations, it induces Src-Y527 phosphorylation inactivating Src activity.
It was reported that the signal transducer and activator of trans cription 5b (STAT5b), c-Src and EGFR play integral roles in estrogen-stimulated proliferation of ER-positive breast cancer cells (27) ; estrogen-induced Src activation and Src-dependent phosphorylation of EGFR-Y845 recruit STAT5 as a downstream effector of phosphorylated EGFR-Y845. To examine whether STAT5 is involved in the observed biphasic estrogen signaling, we transfected MDA-MB-231 and MDA-MB-436 cells with the 4XM67 pTATA-TK-luciferase reporter plasmid that contains four copies of the STATbinding site and treated the cells with E2β at 1 nM and 5 µM. We found that 1 nM E2β potently activated the promoter activity of the reporter plasmid while 5 µM E2β failed to do so (Fig. 3) , suggesting that E2β at low concentrations was able to activate STAT protein-mediated transcription. To confirm the involvement of STAT5, we also included two naturally occurring dominant-negative mutants of STAT5 described before (28) in the transient transfection assays, and found that both dominant-negative mutants of STAT5 potently inhibited 1 nM E2β induced promoter activity, indicating that STAT5 is involved in the biphasic estrogen signaling (Fig. 3) .
Src is involved in biphasic Cyclin D1 expression in response to different concentrations of estrogen. In the experiments described above, we observed that the cells treated with different concentrations of estrogen also exhibited biphasic patterns of Cyclin D1 induction. Previously, it was reported that prolactin activated Cyclin D1 promoter activity through activation of STAT5b proteins and their interaction with the STAT binding-sites located in the Cyclin D1 promoter (29) . We decided to determine whether the Src signaling pathway is involved in Cyclin D1 induction by E2β in these cells. We first assessed whether the Src inhibitors PP2 and dasatinib were able to inhibit Cyclin D1 induction by 1 nM of E2β. Cells were treated with 1 nM E2β and together with PP2, dasatinib, the EGFR inhibitor AG1478 or the PI3K inhibitor LY294002 and western blot analysis was performed to examine Cyclin D1 expression. E2β-induced Cyclin D1 expression was strongly blocked by both Src inhibitors but weakly by AG1478 and LY294002 (Fig. 4A) , suggesting that Src is involved in E2β induction of Cyclin D1 expression. To further confirm whether the Src/EGFR/STAT5 pathway is involved in estrogen induction of the Cyclin D1 promoter activity, we first transfected both cell lines with a human Cyclin D1 promoter-luciferase construct and then treated transfected cells with 1 nM or 5 µM E2β. We found that 1 nM E2β was able to induce Cyclin D1 promoter activity about 2-fold whereas 5 µM E2β failed to induce Cyclin D1 promoter activity (Fig. 4B) , indicating that the biphasic effects of E2β on induction of Cyclin D1 expression occur through regulation of its promoter activity. The Cyclin D1 promoter activity induced by 1 nM E2β was inhibited by the Src inhibitors PP2 and dasatinib but weakly by the EGFR inhibitor AG1478 (Fig. 4B) .
To further confirm the involvement of Src in estrogeninduced Cyclin D1 expression, these ER-negative breast cancer cells were co-transfected with the Cyclin D1 promoter reporter plasmid and pCMV5/SrcK295M, a dominantnegative mutant of Src or pCMV5/SrcY527F, constitutively active mutant of Src. We found that co-transfection of the dominant-negative mutant of Src abrogated the Cyclin D1 promoter activity induced by 1 nM estrogen while it had no effect in cells treated with 5 µM estrogen (Fig. 4C) . On the contrary, the constitutively active mutant of Src restored the Cyclin D1 promoter activity suppressed by 5 µM E2β (Fig. 4C) . These results indicate that Src plays a role in the biphasic response of Cyclin D1 expression to low and high levels of E2β. STAT5 is involved in estrogen-induced Cyclin D1 promoter activity. Previously, it was reported that prolactin activated Cyclin D1 promoter activity through activation of STAT proteins and their interaction with the two consensus γ-interferon-activation sites (GAS) sites located in the Cyclin D1 promoter (29) . We decided to examine whether STAT5 is involved in Cyclin D1 promoter activity induced by 1 nM E2β in these ER-negative breast cancer cells. Two dominant-negative mutants of STAT5a were co-transfected with the Cyclin D1 promoter reporter plasmid and transfected cells were treated with 1 nM E2β. We found that inclusion of both STAT5a mutants strongly suppressed the Cyclin D1 promoter activity induced by 1 nM E2β (Fig. 5A) , suggesting that low concentrations of E2β induced the Cyclin D1 promoter activity through the Src/EGFR/STAT5 pathway in these ER-negative breast cancer cells.
The human Cyclin D1 promoter harbors binding sites for a number of transcription factors. There are two consensus GAS sites located at -457 and -224 of the Cyclin D1 promoter region (relative to the trans cription initiation site) that are sites for STAT protein binding (29) . To assess the involvement of the two GAS sequences in estrogen-induced Cyclin D1 promoter activity, we transfected these ER-negative breast cancer cells with the Cyclin D1 promoter/luciferase construct containing mutated GAS1 (GAS1mut) and GAS2mut that mutated the two GAS sequences located at -457 and -224, respectively. The promoters containing the GAS1 mutation failed to respond to 1 nM E2β while the GAS2 mutation had no effect (Fig. 5B) , indicating that the GAS1 site is involved in estrogen-induced Cyclin D1 promoter activity.
ER-α36 is involved in biphasic estrogen signaling of ER-negative breast cancer cells.
Previously, we demonstrated that ER-α36 mediates mitogenic estrogen signaling in ER-negative breast cancer MDA-MB-231 and MDA-MB-436 cells using shRNA method; the cells with knocked-down levels of ER-α36 expression failed to exhibit mitogenic responses to estrogen such as activation of MAPK/ERK and induction of Cyclin D1 expression (10) . We decided to examine whether ER-α36 is also involved in biphasic estrogen signaling. MDA-MB-231 and MDA-MB-436 cells were transfected with an empty expression vector or an expression vector for shRNA specific for ER-α36 (10). We found that cells with knockeddown ER-α36 expression failed to respond to different concentrations of E2β while control cells transfected with the empty expression vector retained the biphasic estrogen signaling (Fig. 6A) , indicating that ER-α36 is involved in the biphasic estrogen signaling in these cells. We further found that 1 nM E2β treatment failed to induce Src-Y416 and EGFR-Y845 phosphorylation in MDA-MB-231 and MDA-MB-436 cell lines carrying ER-α36 expression knocked-down (Fig. 6B) . However, the basal levels of Src-Y527 phosphorylation were dramatically increased in MDA-MB-231 and -436 cells transfected with the ER-α36 shRNA expression vector compared to control cells, and treatment of E2β at 5 µM failed to further increase levels of phosphorylation at Src-Y527 (Fig. 6B) . We also tested whether E2β was able to induce Cyclin D1 promoter activity in the cells with ER-α36 knock-down. E2β at 1 nM failed to induce Cyclin D1 promoter activity (Fig. 6C) , consistent with our previous report that ER-α36-mediated induction of Cyclin D1 expression by E2β in these cells (10) . Together, these results suggested that ER-α36 is involved in biphasic estrogen signaling in ER-negative breast cancer cells.
Discussion
It is prevailingly thought that mitogenic estrogen signaling does not contribute to development and progression of ER-negative breast cancer that lacks ER-α66 expression. However, early findings demonstrated that ovariectomy can prevent development of both ER-positive and -negative breast cancers (30, 31) . BRCA1 mutation-related breast tumors, most of which lack ER-α expression, are also effectively prevented by prophylactic ovariectomy (32, 33) . These findings strongly indicate that mitogenic estrogen signaling is involved in development of some types of ER-negative breast cancer. Previously, Tsai et al reported that E2β was able to induce the PI3K/AKT phosphorylation in ER-negative breast cancer MDA-MB-231 cells (34) and malignant growth of ER-negative breast cancer MDA-MB-231 cells was stimulated by estrogen in immunodeficient mice (35) . Together, these previous reports indicated that non-genomic and mitogenic estrogen signaling may be retained in some ER-negative breast cancer cells.
Recently, we reported that E2β stimulated proliferation of ER-negative breast cancer cells through ER-α36, a variant of ER-α (10). Here, we used ER-negative breast cancer MDA-MB-231 and MDA-MB-436 cells to study molecular mechanisms underlying biphasic estrogen signaling. These cells were chosen to perform our studies for several reasons. First, these cells lack expression of ER-α66 but highly express ER-α36 (10), which eliminates the possible involvement of ER-α66. Secondly, although MDA-MB-231 cells express low levels of full-length ER-β, MDA-MB-436 cells express undetectable levels of full-length ER-β (10), which would then exclude ER-β effects. Thirdly, these cells exhibit a typical biphasic response curve of estrogen signaling (10) , which allowed us to study the molecular mechanisms underlying the biphasic estrogen signaling.
The data presented here in confirm that E2β at higher concentrations fails to stimulate proliferation of ER-negative breast cancer cells, which is also consistent with a previous report that pharmacological concentrations of E2β inhibit growth of ER-negative cells (36) . We also observed that at high concentrations, E2β failed to activate the MAPK/ERK pathway and to induce the growth-promoting gene Cyclin D1. Thus, activation of the MAPK/ERK signaling and Cyclin D1 expression mediated by non-genomic estrogen signaling also exhibited a biphasic pattern, which provided a molecular explanation to the observed biphasic mitogenic estrogen signaling.
To probe the underlying mechanisms of the biphasic estrogen signaling, we found that at 1 nM, E2β induced phosphorylation of Src at Tyr-416, consistent with our previous report that E2β elicits Src-Y416 phosphorylation in these ER-negative breast cancer cells (10) . Intriguingly, we found that 5 µM of E2β triggered the phosphorylation of Src-Y527. The Src protein has three major domains, SH2 (for Src homology 2), SH3 and the kinase catalytic domain. Both SH2 and SH3 play a role in protein-protein interactions, while the kinase catalytic domain contains the kinase active site. Src can be switched from an inactive to an active state through control of its phosphorylation state. Src-Y416 can be autophosphorylated, which activates Src by displacing the P-Tyr-416 from the binding pocket, allowing the substrate to gain access. However, phosphorylation of Tyr-527 inactivates Src through the interaction of P-Tyr-527 with the SH2 domain, which effectively folds Src up into a closed, inactive state. Our results thus demonstrated, for the first time, that phosphorylation state of Src-Y416 and -Y527 acts as a switch to turn on and off nongenomic estrogen signaling depending on concentrations of estrogen.
At present, not much is known about how different concentrations of estrogen induce phosphorylation of either Tyr-416 or Tyr-527. Previously, we reported that E2β induced the physical interaction between ER-α36 and Src, and consequently the auto-phosphorylation of Src-Y416 in these ER-negative breast cancer cells (10) . Here, we found that ER-α36 knock-down diminished the Src-Y416 phosphorylation induced by 1 nM E2β, indicating that ER-α36 is involved in the autophosphorylation of Src-Y416 induced by low concentrations of E2β. However, the cells with knocked-down levels of ER-α36 expression exhibited high basal levels of Src-Y527 phosphorylation, which was not further induced by 5 µM E2β, indicating that abrogation of ER-α36 activity increased basal levels of Src-Y527 phosphorylation and silenced Src activity, consistent with the findings that these ER-negative breast cancer cells with ER-α36 knock-down failed to form xenograft tumors (10) . Src-Y527 is a critical site for regulation of Src activity, which can be phosphorylated and dephosphorylated by various proteins (37, 38) , such as CSK kinase (phosphorylates) or SHP-1 phosphorylase (dephosphorylates). Thus, the phosphorylation state of Src-Y527 is dynamically and strictly regulated by phosphorylation and dephosphorylation. At present, it can only be speculated that different concentrations of estrogen may trigger different conformations of ER-α36, which will then activate either the kinase or the phosphatase to regulate Src-Y527 phosphorylation. On other hand, it is also possible that high concentrations of estrogen may simply inactivate ER-α36, which then increases the basal levels of Src-Y527 phosphorylation to silence Src as we observed in ER-α36 knock-down cells.
We also showed that at low concentrations, E2β induced Src-mediated phosphorylation of the EGFR-Y845 residue, and that 1 nM E2β induced STAT5 mediated activation of Cyclin D1 promoter activity while 5 µM of E2β failed to do so, which provided a molecular explanation for the loss of the growth promoting activity observed in cells treated with high concentrations of estrogen. Previously, it was reported that in ER-positive breast cancer T47D cells, estrogen-induced Src activation and Src-dependent phosphorylation of EGFR-Y845 recruits STAT5 as a downstream effector of phosphorylated EGFR-Y845 to induce c-Myc and Cyclin D1 expression (27) . Based on these findings and our observations, we speculated that similarly to ER-positive breast cancer cells, ER-α36 mediates mitogenic signaling of low-concentration estrogen through the EGFR/Src/STAT5 pathway in ER-negative breast cancer cells.
In summary, we have shown that ER-negative breast cancer cells exhibited biphasic estrogen signaling and that Src acts as a switch to turn on/off non-genomic estrogen signaling mediated by ER-α36. As a novel player in estrogen signaling, ER-α36 is involved in mitogenic estrogen signaling induced by physiological concentrations of estrogen through the Src/EGFR/STAT5 pathway. High-doses or pharmacological concentration of estrogen were used to treat breast cancer before the introduction of the antiestrogen, tamoxifen. Recently, laboratory models of resistance to antiestrogens such as tamoxifen demonstrated that estrogen functions to inhibit cell growth and induce apoptosis in these ER-positive breast cancer cells with acquired antiestrogen resistance (21) (22) (23) (24) (25) (26) . Our results here thus provide a strong rational for clinical evaluation of high-dose estrogen in ER-negative breast cancer.
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